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Abstract-Mitochondria isolated from immature (developing), mature (unripe). and ripe mango pulp actively oxi- 
dized the intermediates of the Krebs cycle. The oxidation of citrate, oxoglutarate, succinate and malate by both 
unripe and ripe fruit mitochondria was several fold greater than that by mitochondria from immature fruit. The 
levels of malic dehydrogenase and succinic dehydrogenase increased with the onset of ripening, whereas the level 
of citrate synthasc increased several fold on maturation but decreased six-fold on ripening. Isocitrate dehydro- 
genase and malic enzyme were very high in the immature fruit but after a sudden decrease in the matured fruit 
showed a considerable rise thereafter. The ratio of the activities of isocitrate lyase to isocitrate dehydrogenase 
is considerably higher in the immature fruit and greatest in the unripe (mature) fruit. This, together with a higher 
concentration of glyoxylate at these stages, indicate the operation of the glyoxylate bypass. Oxidized and reduced 
forms of pyridine nucleotides were estimated. 

INTRODUCTION 

STUDIES on the biochemistry of fruit ripening have received considerable attention in 
recent years.‘-3 Major interest has been directed at finding out the cause(s) of the sudden 
increase in respiration in climacteric fruits.3ph Preclimacteric fruits contain considerable 
amounts of organic acids which may serve as preferred substrates for oxidation ‘by mito- 
chondria and hence result in a high rate of oxidative activity of the fruits after harvest, 
as is evident from the reports available on apple,7v8 banana’ and tomato.” 

In ripening mango there is a considerable increase in respiration’ 1 as well as in the 
enzymes connected with oxidative processes,’ ‘,I2 glycolytic sequence,‘2q’3 and the hexose 

’ BURG. S. P. (1962) Ann. Rec. Pkmt Physiol. 13, 265. 
’ SPENCER, M. (1965) in Pkmt Biochrmistry (BONNER, .I. and VARNER. J. E.. eds.) pp. 793-825. Academic Press, 

New York. 
3 HULME, A. C. (1970) in The Biochemistry of Fruits and Their Product (HULME, A. C., ed.) Vol. I. Academic 

Press. New York. 
Press, New York. 

4 BAIN, J. M. and MERCER, F. V. (1964) Australian J. Biol. Sci. 17, 78. 
5 RHODES. M. J. C. and WOOLTORTON. L. S. C. (1967) Phytochemistry 6, 1. 
’ SACHER, J. A. (1966) Plunr Physiol. 41, 707. 
’ PEARSON, J. A. and ROBERTSON, R. N. (1954) Australian J. Biol. Sci. 7, 1. 
8 NEAL, C. E. and HULME, A. C. (1958) J. Exp. Botany 9, 142. ’ 
9 HAARD. N. F. and HULTIN. H. 0. (19681 Anal. Biochem. 24,299. 

lo DICKINSON, D. B. and HANSON, J. ‘B. (1465) Plant Phqlsiol. 40, 161. 
” MATTOO, A. K., MODI, V. V. and REDDY, V. V. R. (1968) Indian J. Biochrm. 5, 111. 
” MATTOO, A. K. (1969) Some aspects of metabolic changes involved in ripening mangoes. Ph.D. Thesis. M.S. 

Univ. Barodd, India. 
I3 GEETHA GHAI (1972) Carbohydrate metabolism in ripening mangoes. Ph.D. Thesis. MS. Univ. Baroda. India. 
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monophosphate shun7.” During these studies no attempts were made to obtain data on 

immature (developing) fruit. We have now studied mitochondrial oxidation of various sub- 

strates and also the levels of Krebs cycle enzymes in mango at immature (developing). 
mature (unripe). and ripe stages. 

RESULTS AND DISCUSSION 

Mitoclzordriul o.Yidations 
Mitochondria isolated from immature, unripe and ripe mango pulps are active and oxi- 

dize citrate, oxoglutaratc, succinate and malate effectively (Table 1). Oxidizing capacity of 
immature fruit mitochondria is much less than from unripe and ripe fi-uit. The data indi- 
cate that mitochondria in mango are active at all stages of ripening and development, and 
that during ripening this activity increases considerably. Earlier. increase in the mitochon- 

drial oxidation of pyruvate with ripening was reported by Mattoo ct ~11.l’ in mangoes. 
This trend in increased oxidation rate during ripening seems to follow that reported for 

apple.7,8 banana.‘” lemon”‘ and tomato.‘0.17 

The overall changes in the mitochondrial oxidations (Table 1) suggest that the enzymes 
connected with the Krebs cycle may be synthesized or activated during the ripening pro- 
cess: and the levels of these enzymes were therefore studied (Table 3). The levels of the 
enzymes of the Krebs cycle increase considerably during ripening. Citrate accumulation 
during maturation of the mango (Baqui. Mattoo and Modi, unpublished results) is accom- 
panicd by higher levels of citrate synthasc in the immature and unripe fruit and its decrease 
six-fold during ripening (Table 2). Decrease in the content of citrate and malate during 
ripeningt4 may be related to the decreased citrate synthase (Table 2). and increased levels 
of the citrate cleavage enzyme ’ 8 and those of isocitrate dehydrogenase, succinic dehydro- 
genase and malic dehydrogenase (Table 2) during ripening, showing that citrate and 
malate catabolism is an important phenomenon of the mango with respect to increased 
respiration during ripening. 

Substrate* 

111 OL consumed:hr;mg dry wt mitochondria 
-__ --- 

Immature hl:ItUi-C Ripe 

Citrate 
Oxoglutarate 
Succinate 
Malate 

11-7 37.2 60.8 
J5.3 19.4 4x.3 
18.1 ‘4.0 58.‘) 
24 306 70.3 

* bath substrate concentration \+;ts 17 mM. 

The level of isocitrate lyasc is remarkable in the preharvest fruit; it increases two-fold 
in the developed and mature (unripe) fruit (Table 2) and decreases three-fold in the ripe 
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fruit. The ratio of the activities of isocitrate lyase to isocitrate dehydrogenase changes from 
3.2 in the immature fruit to 15 in the unripe (matured) fruit and to 0.54 in the ripe mango 
fruit (Table 2). In addition we have found that the concentration of glyoxylate, one of the 
products of isocitrate lyase, increases from 9 pmol/g fr. wt in immature to 14.5 pmol/g fr. 
wt in the unripe and falls thereafter to 5 pmol/g fr. wt in the partly ripe and to 2.5 pmol/g 
fr. wt in the ripe fruit. The higher amounts of glyoxylate and malate14 (the product of 
malate synthetase), and higher ratio of the activities of isocitrate lyase to isocitrate dehyd- 
rogenase all indicate the operation of the glyoxylate bypass in the developing (immature) 
and preclimacteric mango fruit, possibly resulting in the conservation of carbon at these 
stages. Incipient ripening is accompanied by low levels of malate and glyoxylate and very 
low ratios of isocitrate lyase to isocitrate dehydrogenase activity. Isocitritase in ripening 
pear fruit was reported by Meynhardt et ~1.‘~ 

The increase of levels of succinic dehydrogenase and malic dehydrogenase between the 
immature to the mature stage is dramatic (Table 2). In contrast, and surprisingly, the levels 
of both isocitrate dehydrogenase and malic enzyme which are very high in the immature 
fruit, show a sharp decline in the mature fruit with a rapid increase in the ripe fruit which 
is suggestive of the presence of a regulatory control of these enzymes. 

TARLE 2. ACTIVITY OF SOME KREBS CYCLE ENZYMES, ISOCITRATE LYASE AND MALIC ENZYME IN EXTRACTS PREPARED 
FROM DEVELOPING (IMMATURE), UNRIPE (MATURE) AND RIPE MANGO PULP 

Enzyme activity (units/mg protein) 

Immature Mature Ripe 

Citrate synthase 10.9 25.2 4.22 
Isocitrate dehydrogenase 18.3 8.18 14 
Malic dehydrogenase 5.0 28 54 
Succinic dehydrogenase 6.28 11.7 13.3 
Malic enzyme 16.2 8.1 35 
Isocitrate lyase 58.4 120 40.6 

Regulation of malic dehydrogenase and malic enzyme in other fruits have been 
reported’.3*20 These enzymes have been shown to possess regulatory properties which may 
have implications in the ripening process. Also, these enzymes exist in multiple forms in 
plant tissues.21P24 On subjecting soluble extracts from unripe and ripe mango pulp to gel 
electrophoresis only one band with respect to malic enzyme in both the extracts was de- 
tectable, whereas the enzyme bands with respect to the malic dehydrogenase were two in 
the unripe fruit extract and three in the ripe fruit extract. The enzyme activity bands were 
more intense with ripe fruit extract. Appearance of a new band of malate dehydrogenase 
in the ripe fruit is suggestive of increased enzyme synthesis during ripening. 

” MEYNHARDT, J. T. M., MAXIE, E. C. and ROMANI, R. J. (1965) S. Ajkican J. Agric. 8, 291. 
” HULME. A. C.. JONES. J. D. and WOOLTORTON. L. S. C. (1964) Phytochemistry 3, 173. 
” RAGLAND, T. E., CARROLL, E. W. Jr. and PITELKA, L. I? (19j2) Phytochemisky 11, 1303. 
” SARKISSIAN, I. V. and MCDANIEL, R. G. (1967) Proc. Nat. Acad. Sci. U.S.A. 57, 1262. 
23 MIFLIN, B. J. (1968) Biochem. J. 108, 49. 
*4 CLEMENT, R. L. (1970) in The Biochemistry of Fruits and Their Products (HULME, A. C., ed.) Vol. I, p. 159. 

Academic Press. New York. 
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It was of interest to study the kinetic parameters of these enzymes in the crude cell-free 
preparations of unripe and ripe fruit pulp. Apparent K, and I,,, values were obtained 
from the Lineweaver-Burk plots of the substrate saturation curves and the calculated 
apparent kinetic constants are tabulated in Table 3. The apparent K, values of malic 
enzyme with respect to both substrates, malate and NADP. did not change on ripening. 
Similarly the K, values of malic dehydrogenase with respect to both substrates were the 
same in the enzymes from unripe and ripe fruit. The apparent K,, value of isocitrate dchyd- 

rogenase for uL-isocitratc was 10 A M. Succinic dehydrogenase showed an apparent K,, 
of 3.5 x IV3 M with respect to succinate. As the activities of these enzymes in the extracts 
prepared from unripe mango were very low. we could not compare the substrate satu- 
ration curves of these enzymes at these two stages of ripening. 

Malic ~‘nrqx 
enzyme 

Ripe 

Malic 
dehydrogcnase 

iinripc 

Ripe 

Succinic 
dchydrogenase 

Isocitrate 
dehydrogenase 

Rips 

Ripe 

I.-malatc 
N.ADP 
L-malatc 
NADP 
1:malatc 
NA D 
L-malatc 
N A D 

13.3 

7-l 

To ascertain whether the low enzyme activity in the immature and unripe fruit was due 
to the limitation imposed by the concentrations of oxidized and reduced forms of pyridine 
nucleotides we studied the concentrations of these coenzymes in the immature mango 
pulp. The concentrations of NAD, NADP, NADH and NADPH in the immature fruit 
were found to be 26.1.33.4, 7.67 and 7.99 pg/g fresh pulp respectively and the total pyridine 
nucleotide content was 75.1 ,ug/g fresh pulp. Reddy” had obtained values for these pyri- 
dine nucleotides in unripe, partly ripe and ripe mango which were 196, 202 and 191 /Lg,‘g 
fresh pulp respectively. The ratio of NAD plus NADH to NADP plus NADPH changed 
from approximately 1: 1.2 in the immature fruit to approximately 1.1: I in the unripe stage, to 
1.48: 1 in the partly ripe stage and to 1: 1.3 in the ripe stage. Moreover. the ratio of NAD 
to NADH does not differ much in the immature and unripe stages as compared to partly 
ripe and ripe stages of the fruit. In the immature fruit as well as in the unripe one the ratio 
is 3, in the partly-ripe mango it is 0.75 and at the ripe stage it is 1.75. On the other hand, 

l5 REDIIY. V. V. R. (1968) The mechanism of carotene biosynthesis in tmmgocs and carrots. Ph.D. Thesis. MS 
I’niv. Baroda, India. 
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the ratio of NADP to NADPH in the immature as well as in the unripe fruit is 1.5, 0.18 
in partly ripe and 1.1 in the ripe fruit. These data suggest that although there are much 
lower levels of pyridine nucleotides in the immature stage, the ratios of NAD plus NADH 
to NADP plus NADPH, NAD to NADH and NADP to NADPH do not change much 
from the immature to unripe stages. The dramatic change in their concentrations at the 
ripening stage could play a significant role in the ripening process since these coenzymes 
may afford a control of some key enzymes like malic dehydrogenase and isocitrate dehyd- 
rogenase. In the immature as well as in the unripe stage, one might expect an increase in 
the rate of many NADP requiring reactions, since there would be more substrate (NADP) 
and less product (NADH, NADPH). The product, otherwise, may be utilized in the active 
reductive synthesis during these stages. Though the oxidizing forms of the coenzymes are 
appreciable in immature and unripe fruit, the levels of malic dehydrogenase and isocitrate 
dehydrogenase (Table 2) are not correspondingly high, suggesting that there may be other 
factors other than the pyridine nucleotides which may control the levels of these enzymes 
in the fruit at the immature and mature (unripe) stages. Also, it is possible that the syn- 
thesis of these enzymes may be very low prior to ripening and/or inhibitors of their activity 
are present in the fruit at these stages. 

TABLET. INHIBITIONOFMALICENZYMEAND [SOCITRATE DEHYDROGENASEFROMRIPE MANGOBY DEVELOPING(IMMA- 
TURE)FRUlTPULP EXTRACT 

Malic 
enzyme 
activity 

Inhibition 

(“/,) 

Isocitrate 
dehydrogenase 

activity 
Inhibition 

(%) 

Extract from 
immature control* 

Extract from 
ripe control* 

Extract from 
ripe + immature-k 

0.90 - 1.8 

6.29 82 

1.5 19 42 49 

* Results are expressed in enzyme units. 
-F Dialysed unripe and ripe extracts in 1 ml equal proportions were incubated for 10 min at 0” before determin- 

ing the residual enzyme activity. Ripe and immature controls contained I ml of Tris-HCl buffer (pH 7). 

Earlier, Mattoo and Modi have reported the presence of inhibitors of catalase, peroxi- 
dase, amylase and invertase in unripe mango. These inhibitors may control the process 
of ripening in mango since they found that ethylene, the ripening hormone, inactivated 
these inhibitors not only from mango but also from banana and papaya. It was of interest, 
therefore, to see if immature mango contained any such type of inhibitors for malic enzyme 
and isocitrate dehydrogenase. Immature extracts, freed of phenols and other impurities by 
treatment with polyvinylpyrrolidone (0.1%) and subsequent dialysis, were mixed with the 
extracts prepared from the ripe fruit pulp. Proper controls were also made. Results in 
Table 4 show that the immature extract contains some substance(s), which inhibit the 
enzymes from ripe fruit. This substance was found to be heat-labile and non-dialysable. 
It therefore appears that the enzymes may be limited by inhibitors which may be destroyed 
or inactivated during ripening as was shown for the unripe mango inhibitors.26,27 

" MATTOO,A.K.~~~ M0~1,V.V.(1970)En~y&ogia 39,237. 
" MATTC~. A. K. and M~DI. V. V. (1969) Proc. Conf: Trap, Suhwop. Fruit (Lad.), 1 I I. 
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E X I’ t R 1 M I: I\i T A L 

Mangoes. (Muny@cl i&icu L. var. Alphonse) were obtained from the local market. The various s~agcs of the 
fruit during ripening were marked by the colour development and appearance. Immature fruit is referred to the 
stage ofmango which is in the development stage, plucked from the tree before il is tnaturc enough for harvesting 
and will not ripen normally. llnripe fruit refers to the stqe of the frutt which is mature \vtth green peel. firtn 
uhen touched, white pulp and ready to hat-vest. Partly-ripe refers to rhc fruit \\iith sreen to yrllo~ peel. slightlq 
soft and faint yellow pulp and ripe fruits to those which had golden peel. soft \I hctt touched and golden yellow 

pulp. Ripening was usttally effected at 25 30’ in the laborator). 
P~purution of e.wmr~. The fresh pulp of the fruit was froz,en and powdered at -- I5 Tbc pobdct- was 

extracted in 0.1 M Tris~HCI buffer (pH 7.2) containing 0.2 M sucrose and OI”,, poi~vinylpyrrolidonr (MW 
10000) by grinding manually in an unglazed mortar and pestle at 0 5 During extraction the pH u-as maintained 
at 7.7 with 0.1 M NaOH. This fruit extract MBS ccntrifugcd in cold at SOOOq for 15 min. The supcrnatant was 
collected and ttsed for enqme asisajs. Protein ws cstitnatcd hq the mcthoti of I.o\vrq tnt (I/.-~” using serum albtt- 

min as the standard. 

0, uptake was determtned lby the Vvarburg manometer. ‘The rcacti,n mixtut-c c<lntatncd NAD (1 Ittnol). thia- 

mine p!rophosphate (I ,tttnol). qtocht-otne c (6 Y IO- ’ Ltmol). sucrose ( IO0 litnol). phohphatc buffer (10 jtmol. pH 
7.2). stthstratc soln (40 pd) ;Ind mitochondrial preparation (0+X 0.15 mg dr! w1) in jt final WI of I-5 ml. The 
rates wcrc determined up to 60 min ;tnd the values extrapolated to /et o time. 

I’!rr\~t~ L~\VII’Y. Malic cn/ymc [t. C‘. I .I. I 40 I.-mal:rtc. N,IDP owidorctiilct~tsi, I~i,c,tt-l~~~\!lalin~)] R:I\ assayed 

it\ dcXWbcd ptC\t”ll\l!.” M;tlic &h\dtogcnac /I C’ 1 I I : , -Ill:ll:ilc~ u \I) ~~\l~i~~l’Zi!iiCl.i\i’l / \\;i‘r ~\tlm<ltcii 
h! the method of Ochoa.“’ The t?n;tl .t\sa> mi\turc conlatncd tn 1ttnt>l: Tri\ HC‘I hulfcr (pti 91. 100: Y41). 0.5. 
L-maltc actd. 50; and an approprtaL i ‘tmoutlt of cnrqtnc hoIt 111 it tinal LOI. ol- I! ml. Isi)citratc dch>drogcnasc 
[E.C. I. 1.1.42. th~eo-DS-isocitratc: NADP owidorcductase (dccarhox!lating)] was cstimaled by the method of 

Ochoa.“” The final assay mixtut-c contain& in jtmol: Tris HCI hu&r (pH 7.X). 75: DS-isocitratc. 6; NADP. 0.5. 

and an appropriate amount of the cnllme. The final \ol. w;ts 2 ml. C‘hangc ,\ xt 330 nm ws follo\vcd for 5 min. 
One unit of the enqme is that amount which causes a change of 0.01 f\. mtn. Succinic dchqdrogcnasc [E.C. 
1.3.99.1 succinate: (acceptor) oxidoreductase] was measured h> the tnethod of Slatcr and Honnct-.” using ferri- 
cyanide as an artificial clectt-on acceptor. The assay tnixturc contained in /mol: Na phosphate huffct- (pH 7.2). 
150: Na succinatc. 10; KCN. K,Fe(C’N),.. 5; and 0.5 ml aliquot of th c cnlymc soln in I final vol. of 3.5 ml. The 
incubation was carried out at 37 for- I hr and the cnrymc reaction was tcrminatcd h) adding 05 ml of XI”,, TC‘A 
al 0 The A of the TC’A supct-natants was t-cad at 440 ntn. One unit of the cnrqme is Ihat amount M hich reduces 

I pmol of ferricyanide;hr. Isocitrate lyase (E.C. 4. I.?.I-t/t~~o-I>S-i~ocitr~ttc glyoxylate-l!ahc) \t:t’r cq;timatcd 1~1 the 
method of Dixon and Kornbcrg.“’ Tttc standard assay mixtut-c contain& in jlmol: K phosphate huffcr ()~I-l 7-2). 

100; DS-isocitratc. IO: MgrC‘lZ hHzO. l-5; phcnylh~drarine hjdrochlortdc. IO: c)steinc hydrochloride. 6: and an 
appropriate aliquot of the cnlymc SOIL The final vol. \vab 3 ml. c‘hungc in r\ at 3Z-l nm w;ts Ihllo~\cd Iht- 5 min. 
One unit ofen/~mc ia that atnount which causes an ‘incrcasc of 001 A’mtn. (‘itrate synthasc [F.C. 3.1.3.7. Citrate 
oxalo-acetate-lease (CoA acctylating)] was estimated 1~~ the method of St-et-e and Kostcki. I3 The standard assa) 
mixture contained, Tris HCI huffcr (pH 7.2). I00 pmol; oxaloacelic itcid. 0.6 /tmol: 0.2 lrtnol of ace1ll-Co:\ 

(Sigma) and an appropri:tte aliqttot of the enzyme soln tn ;I final vol. of 7 ml. C‘hnngc in A ;tt 317 nm. due to 
both cleavage of the thiolestcr bond ztnd tttiliration of OAA. was followed for i miu 01x unit of the enxymc 
is that amount which catalyres the formation of I /mol of citratetnin Gl!oryl,ttc \‘~a\ cstimatcd cshcntially h! 
the colorimctric method of McFadden and Ilowcs.” 

‘” LoM’K~. 0. H.. RUSUKW (,H. N. .I., t~t<n. .A. L. and RAWALL, R. J. (1951) J. B/o/. C/WI. 193, 265. 
” OCHOA, S. (1955) in Mrthods irt Eu;yrnoim/~~ (C~~LOWICX. S. P. and KAIXAN. N. 0.. cds.). Vol. I. p. 735. Aca- 

demic Press. New York. 

demic Press. Nca York. 
j’ St-ATIt*. E. c‘. and B0NNf.K. W. D. ( 1952) Biohm. J. 52. 185. 
A’ DIXON. G. H. and KOKNBI.KC~. H. L. (I 959) Rtoc/wn. J. 72, 3. 
33 SKLRI-. P. A. and Kostc~~r, G. W. (1961) J. hd. C/WI. 236. 2557. 
A’ Mc,F4t)t)t Y. B. 4. and Honk s. U’. V. (1960) ,Irtctl. Hio~~it~,r~ 1. 240. 
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Extraction and estimation of’pyridine nuclrotides. The reduced and oxidized nucleotides were extracted and esti- 
mated by the method of Caiger et al.“’ with a modification; NADP was estimated by using glucose-6-phosphate 
dehydrogenase (Sigma). 

The assay system for NADP estimation contained: fruit extract (0.6 ml), Tris-HCl buffer (100 pmol; pH 7.2), 
glucose-6-phosphate (10 pmol), MgClz .6H,O (1 pmol), and glucose-6-phosphate dehydrogenase (20 units; 
Sigma) in a final vol. of 1.5 ml. The assay system for NAD estimation contained: fruit extract (0.6 ml); Tris-HCl 
buffer (100 pmol; pH 7,2), glycine (15 mg), NaOH (15 mg), EtOH (0.05 ml) and alcohol dehydrogenase (20 units; 
Sigma) in a final vol. of 1.5 ml. Formation of NADPHiNADH was followed sDectroohotometricalh’ at 340 nm. 
Tie assay system for NADH estimation contained fruii extract (06 ml), Tris--H’Cl buker (100 bmol; PH 7.2), ace- 
taldehyde (4 pmol) and alcohol dehydrogenase (Sigma; I unit) in a final vol. of 1.5 ml. Thk assa; system for 
NADPH estimation contained: fruit extract (0.2 ml), Tris-HCl buffer (100 umol. DH 7.2): elutathione. f5 umol) 
and glutathione reductase (Sigma; 10 units) in a final vol. of 1.5 ml. Formation bf NAfi/NADP was fbliowed 
spectrophotometrically at 340 nm. 

Electrophoresis. Polyacrylamide gel electrophoresis of cell-free extracts was carried out by the method of 
Davis36 with 3 mA/gel at 5” for 90min. Malic dehydrogenase activity bands were localized on the gels by the 
method of Brain and McDaniel. 37‘Malic enzyme activity bands were localized on the gels by replacing MgClz 
and NAD with MnCl, and NADP in the reaction mixture used for detecting malic dehydrogenase. 

Acknowledgements-One of us (S.M.B.) would like to acknowledge the award of a Junior Research Scholarship 
by the University Grants Commission, New Delhi. 

35 CAIGER, P., MORTON, R. K., FILSI:LL. 0. H. and JARRETT, I. 0. (1962) Biochrm. J. 85, 351. 
36 DAVIS, B. J. (1964) Ann. N.Y. Acad. Sci. 121, 404. 
37 BRAIN, G. and MCDANIEL, R. G. (1970) Biochim. Biophys. Acta 220,410. 


